A breakthrough in novel loudspeaker design has been achieved using miniature actuators in a matrix configuration. Present flatpanel loudspeakers exploit resonant modes, whereas conventional cone-type loudspeakers use pistonic motion to reproduce sound. A new actuator has been designed so that it introduces pistonic motion in flat-panel loudspeakers. Instead of one or two exciters, the proposed panel speaker has numerous miniature transducers vibrating coherently to produce sound. In this device, the whole body vibration of the panel reduces the poor bass and impulse response associated with present flat-panel speakers. Frequency responses show that this novel transducer is suitable for loudspeaker application because of its linear and consistent output over the whole audible frequency range and for various excitation currents. Measurements on three different device configurations prove a moving magnet transducer to be the most suitable for loudspeaker application. Finite element modeling has been used to examine single transducer operation and the magnetic interaction between neighboring transducers in a matrix array format. Experimental results show the correct positioning of the transducers in a matrix configuration, as observed by the simulation, reduces the effects of interferences on the magnetic transducers. Also, results show that larger matrix array transducer speakers exhibit better low-frequency responses.
I. INTRODUCTION

C
ONVENTIONAL loudspeakers, by employing wholebody vibration of the diaphragm, can reproduce good quality sound at the low end of the audio spectrum, i.e., below 1 kHz. Flat-panel speakers, on the other hand, are better at high-frequency operation as the reproduced sound at high frequency from a flat-panel speaker is not omnidirectional as in the case of a conventional loudspeaker [1] .
Although flat-panel speakers are compact, small, and have a better high-frequency response, the poor reproduction of bass sound limits its performance severely. Also, the flat-panel speakers have a poor impulse response. The reason for such poor bass and impulse response is that, unlike the whole-body movement of a conventional loudspeaker diaphragm, different parts of the panel in a flat-panel loudspeaker vibrate independently. Therefore, the new design aims to introduce whole-body motion in flat-panel speakers [2] . Instead of a single exciter, the proposed miniature matrix array transducer system for the loudspeaker will employ numerous miniature transducers to vibrate coherently and produce sound effectively at the low and high range of the audio spectrum. The multiactuator approach combines the advantages of conventional whole-body motion with that of modern flat-panel speakers. This new loudspeaker design will also provide improvement in impulse response.
Electromagnetic transducers, due to their high power output, have been the most effective in loudspeaker application, and recent studies [3] have shown that electromagnetic actuators can be even more effective and useful when scaled down. Also a current-magnet combination for a miniaturized electromagnetic actuator appears to be the most capable for audio applications after a theoretical analysis and practical experiments were undertaken on a solenoid actuator (a current-magnetic material Digital Object Identifier 10.1109/TMAG.2006.879073 combination) and a moving voice coil (a current-magnet actuator) [4] , where the latter seems to be more effective in audio frequency operation. Therefore, miniature novel electromagnetic transducers having a current-magnet combination have been used to construct a matrix of transducers that can work as a miniature matrix-array loudspeaker. Three different device configurations of this novel loudspeaker have been investigated in this paper for performance optimization.
II. DESIGN AND DEVELOPMENT
A. Novel Transducer
An innovative miniature actuator for the proposed loudspeaker has been designed, modeled, and built for analysis. This novel transducer speaker consists of a permanent magnet placed on a high-permeability amorphous magnetic ribbon that acts as the panel for the speaker. In addition, a 30-turn copper wire coil attached to another amorphous magnetic ribbon supplies the drive field and flux closure, respectively [2] . The permanent magnet is a Neodymium Boron Iron magnet, 6 mm in diameter and oriented normal to the attached surface, is enclosed by the 0.12-mm-diameter copper wire coil. The overall size of each pixel is 8.5 8.5 4.5 mm. The proposed new loudspeaker was developed using these novel actuators in a matrix configuration. A 2 2 and then a 9 2 array of miniature actuators were developed for experimentation. Measurements on a single transducer have been carried out on three different device configurations in order to optimize the device. The three different configurations were 1) moving magnet, 2) moving coil, and 3) moving magnet with a plastic "bottom layer" instead of the amorphous ribbon.
B. Simulation
The FEM simulation tool "MAGNET" was used to characterize the transducer's magnetic performance. For a single-cell transducer, under static condition, the simulation showed the flux distribution, flux density at various parts, and the force distribution (see Fig. 1 ).
0018-9464/$20.00 © 2006 IEEE Two magnets when placed alongside repel each other, and this repelling force determines the minimum distance between them. Finite element modeling has been used to determine the force profile and the minimum distance between the transducers in the matrix array loudspeaker. The closest proximity achievable between any two transducers within the matrix array was found to be 0.5 mm.
III. RESULTS
A. Experimental Set-Up
The new speaker was tested for audio frequency response using a sine wave signal output. The displacements of the front vibrating panel of a single transducer were measured using an OFV-303 laser Doppler vibrometer. The laser was incident on the vibrating panel to measure the displacement, and the output from the vibrometer was processed by a lock-in amplifier. The frequencies have been varied from 20 Hz to 20 kHz with excitation current levels from 30 to 120 mA.
B. Acoustic Pressure Responses
The results from displacement measurement indicate that the actuator has a linear displacement versus current relationship over the whole audible frequency range [2] . This linearity is essential if the device is to operate as a broad bandwidth loudspeaker. Based on the acoustic intensity (mean acoustic power transmitted through a unit area) measurements (see Figs. 2-4) , the sound levels at high frequencies are higher for the moving Fig. 3 . Acoustic intensity levels for the moving magnet (plastic "bottom layer") combination. coil arrangement than for the other two device configurations. The moving coil arrangement, however, has a low frequency cut-off at 300 Hz for lower excitation currents and resonance at 15 kHz (see Fig. 4 ). The other two combinations operate better at as low as 20 Hz. Based on the low-frequency operation, displacement amplitude, and mechanical stability, the moving magnet configuration is the most suitable for loudspeaker application.
C. Impedance Measurement
Impedance measurements of a single transducer show an increase in impedance as the frequency changes from 20 Hz to 20 kHz. The impedance increases by only 7% over the whole audible frequency range and hence has no significant effect on the performance of the loudspeaker. The inductance remains constant, and since the value of inductance is very low compared to the resistance of the coil, the reactance that increases with the frequency does not have an effect on the overall impedance.
D. Improvement of Bass Response
Pressure responses from a 2 2 array and a 9 2 array matrix speaker have been measured using a high bandwidth microphone, and the results were published elsewhere [2] . Both the speakers were driven with the same excitation current. For the 2 2 array speaker, the lowest frequency observed was 3 kHz, and below this frequency, the sound pressure was too low to be measured by a high bandwidth microphone. For the 9 2 array speaker, however, the lowest frequency at which sound pressure could be measured was around 50 Hz. The 9 2 array speaker has better acoustic pressure response in the bass region compared to the 2 2 array speaker at the same distance. The results from the pressure response measurement show the improvement in bass response for the 9 2 array speaker. A larger surface area and higher force obtained by employing more active transducers resulted in the improvement of the bass response for the longer array speaker.
E. Interaction Between Transducers
A loudspeaker was constructed using two novel transducers separated by the minimum distance, as found by the simulation. The objective of placing two transducers next to each other at a minimum distance was to observe the effect of their interactions on the displacement characteristics. Both the transducers, connected in series and coupled by the same membrane, were excited by an excitation current of 120 mA. The displacements of a single transducer from this setting have been measured, and the results (see Fig. 5 ) show that the displacement profile matches closely to that of an isolated single transducer. The influence of the mechanical coupling is not significant since similar results have been obtained by placing alongside two separate transducers that are not coupled by a continuous membrane. Therefore, electromagnetic transducers separated by a minimum distance have no effect on their individual displacement characteristics, as is evident from the experimental results.
IV. ANALYSIS
The results from the three different device configurations show that a moving magnet combination is the best arrangement for loudspeaker application because of its mechanical stability and higher output displacements. The lower amorphous panel and the magnet attract each other and hence give mechanical stability to the transducer. For a plastic bottom layer, mechanical instability rises because of the lack of a holding force between the vibrating diaphragm and the lower panel. The moving coil transducer, although having higher displacements at high frequencies, possesses relatively low mass, and the small size of the coil results in an acoustic impedance mismatch at low frequency and prevents it from producing sounds at the low end of the audio spectrum.
Frequency response (see Fig. 5 ) of the transducer shows gradual decrease in displacements at low frequency, i.e., below 1 kHz, and a sharp decrease in displacements as the frequency increases in the high-frequency region (above 1 kHz). Acoustic intensity at a certain frequency is calculated by a term that consists of a product of that specific frequency and the respective displacement [1] . Therefore, the acoustic intensity curve shows gradual increase in intensity below 1 kHz and gradual decrease in intensity above 1 kHz. Due to the small size, the acoustic intensity of the single transducer at the very low end of the audio spectrum (below 300 Hz) is not adequate for human hearing. The low-frequency limitation for a single transducer is evident from the actuator intensity levels (see Figs. 2-4 ) since, for a single transducer, the low sound intensities in low frequencies prevent the speaker to reproduce any audible sound in the low-frequency region. This is because the ear drum has a very low sensitivity at the low-frequency region and high sensitivity at the high-frequency region [1] . However, the low-frequency hearing threshold has been improved (around 50 Hz) significantly by using the same transducers in a matrix configuration [2] . The transducers in the matrix array have been placed at a distance in which the repelling force matches the sum of the surface attraction force and the frictional force. At this "minimum distance," the interaction between flux lines produced by the neighboring transducers is not significant, as confirmed by the simulation result. Since minimization of independent movements in the diaphragm of a flat-panel speaker can only be achieved by placing numerous miniature transducers in the closest proximity possible, this minimum distance between the transducers will ensure maximum whole-body vibration.
V. CONCLUSION
The matrix configuration of miniature transducers improves the low-frequency response. The efficiency and sensitivity of miniature loudspeakers has been improved by means of loudspeakers with a large diaphragm area, high flux density, a high number of turns, a small voice coil resistance, and small mass. The large diaphragm in a larger array speaker has extended the low-frequency operation down to 50 Hz. In a matrix array loudspeaker, electromagnetic transducers can operate without any mutual disturbance when separated by a minimum distance.
